During development, Schwann cells extend lamellipodia-like processes to segregate large-and small-caliber axons during the process of radial sorting. Radial sorting is a prerequisite for myelination and is arrested in human neuropathies because of laminin deficiency. Experiments in mice using targeted mutagenesis have confirmed that laminins 211, 411, and receptors containing the ␤1 integrin subunit are required for radial sorting; however, which of the 11 ␣ integrins that can pair with ␤1 forms the functional receptor is unknown. Here we conditionally deleted all the ␣ subunits that form predominant laminin-binding ␤1 integrins in Schwann cells and show that only ␣6␤1 and ␣7␤1 integrins are required and that ␣7␤1 compensates for the absence of ␣6␤1 during development. The absence of either ␣7␤1 or ␣6␤1 integrin impairs the ability of Schwann cells to spread and to bind laminin 211 or 411, potentially explaining the failure to extend cytoplasmic processes around axons to sort them. However, double ␣6/␣7 integrin mutants show only a subset of the abnormalities found in mutants lacking all ␤1 integrins, and a milder phenotype. Double-mutant Schwann cells can properly activate all the major signaling pathways associated with radial sorting and show normal Schwann cell proliferation and survival. Thus, ␣6␤1 and ␣7␤1 are the laminin-binding integrins required for axonal sorting, but other Schwann cell ␤1 integrins, possibly those that do not bind laminins, may also contribute to radial sorting during peripheral nerve development.
Introduction
Schwann cells synthesize extensive spiraling membranes containing specific proteins and lipids to generate myelin, which safeguards axons and ensures fast conduction of action potentials.
Before myelination, Schwann cells engage in a 1:1 relationship with large-caliber axons, which they achieve during a multistep process called radial sorting (Webster et al., 1973) . Before radial sorting, Schwann cells deposit a basal lamina, which contain laminins. Laminins are trimeric glycoproteins in which different ␣-, ␤-, and ␥-subunits combine with remarkable tissue specificity (Miner and Yurchenco, 2004) . The basal lamina of Schwann cells contains laminin 211 (␣2␤1␥1), 411 (␣4␤1␥1), and 511 (␣5␤1␥1); laminin 511 is specifically localized around nodes of Ranvier (Occhi et al., 2005) . Laminins 211 and 411 have both redundant and specific functions in axonal sorting. Mutations in the ␣2 chain of laminin 211 cause congenital muscular dystrophy 1A (CMD1A), which includes a muscular dystrophy, a peripheral neuropathy, and central nervous system abnormalities (HelblingLeclerc et al., 1995) . The peripheral neuropathy has been studied mostly in the dystrophic (dy/dy) mutant mice and is characterized by a partial arrest in radial sorting (for review, see Feltri and Wrabetz, 2005) . Similarly, laminin ␣4 (411) deficient mice have modest impairment in radial sorting (Wallquist et al., 2005; . However, axonal sorting is entirely arrested in combined ␣2/␣4 double laminin mutants, with axons remaining naked and amyelinated Yu et al., 2005) . This synergistic interaction between laminins 211 and 411 suggests distinct roles, which could be explained by specific interactions with dedicated receptors. Schwann cells express integrins and dystroglycan laminin receptors. Deletion of the ␤1 integrin subunit in Schwann cells almost completely arrests sorting , and deletion of ␤1 integrins and dystroglycan in Schwann cells completely impairs the process (Berti et al., 2011) . ␤1 integrins are heterodimers formed by one of 11 possible ␣ subunits that combine with the ␤1 chain to form dimers with various ligand specificities. Which ␤1 dimer is required for radial sorting in Schwann cells is unknown. Because the abnormalities resulting from deletion of ␤1 integrin resemble those resulting from deletion of laminins, we focused on the ␣␤1 integrins that bind laminins. Schwann cells in vivo express three ␤1 integrins that are structurally similar (do not contain the ␣I domain) and are mainly laminin receptors (␣3␤1, ␣6␤1, and ␣7␤1), and two ␣I-containing, hybrid integrins (␣1␤1, ␣2␤1), which also bind collagen (Previtali et al., 2003a, b) . Whether these receptors are used interchangeably and are redundant or they have unique ligand specificities and functions in Schwann cells and other cell types is largely unknown. Here we show that ␣6␤1 and ␣7␤1 are required for radial sorting. Deletion of ␣6␤1 or ␣7␤1 integrins causes different effects on Schwann cell development and on their ability to bind laminins 211 and 411, suggesting specific roles for laminin-integrin receptor pairs in Schwann cells.
Materials and Methods
Transgenic mice. All experiments involving animals followed experimental protocols approved by the San Raffaele Scientific Institute and Roswell Park Cancer Institute Animal Care and Use Committees. ␣6 integrin "floxed" ( F ) mice will be described (A. De Arcangelis et al., manuscript in preparation); ␣7 integrin knock-out and ␣3 integrin floxed mice have been described Liu et al., 2009) . ␣6 integrin constitutive heterozygous null mice were the progeny of animals obtained by crossing ␣6 integrin F/ϩ animals and CMV-Cre animal. P0Cre transgenic mice have been previously characterized (Feltri et al., 1999 . ␣6 integrin F/F , ␣6 Ϫ/Ϫ , and ␣7 integrin Ϫ/Ϫ mice were congenic in C57BL/6 background. ␣3 integrin floxed mice were in a 129Sv/B6 mixed background; the progeny in this study resulted from parents that were N3-N4 generations congenic for C57BL6. Double ␣6/␣7 integrin mutant mice were derived from parents that were N8 generations congenic for C57BL6. In the case of non-congenic genetic background, only littermates were compared. Mice of either sex were used. Genotyping of mutant mice was performed by PCR on tail genomic DNA, as described previously (Feltri et al., 1999 Liu et al., 2009; Germain et al., 2010) .
Extraction of genomic DNA from sciatic nerves. Sciatic nerves were dissected from P1 and P28 WT and ␣6 integrin mutant mice. The perineurium was dissected away, and the nerves were digested overnight at 55°C in 500 l SNET (Tris, pH 8.0, 20 mM, EDTA, pH 8.0, 5 mM, NaCl 0.4 M, SDS 1% in distilled water) and 10 l of Proteinase K (20 mg/ml). The following day, genomic DNA extraction with phenol/chloroform and PCR analysis was performed.
Mouse DRG explant cultures. Explants were dissected from E13.5 embryos generated by mating ␣6 integrin ϩ/Ϫ or ␣7 integrin ϩ/Ϫ mice, plated onto rat collagen-I (Cultrex) coated glass coverslips, and maintained for 1 week in NB medium (B27 supplement, D-glucose 4 g/L, L-glutamine 2 mM, NGF 50 ng/ml in Neurobasal medium; Invitrogen); myelination was induced for 10 d with ascorbic acid (50 g/ml) in C-medium (FCS 10%, L-glutamine 2 mM, D-glucose 4 g/L, NGF 50 ng/ml in MEM; Invitrogen). Explants were then fixed in 4% PFA for 20Ј or nonfixed, washed, permeabilized with cold methanol for 5Ј, and stained according to standard immunohistochemistry protocols. For myelin internode quantification, the number of MBP-positive internodes in 10 -15 images taken for each DRG was counted. This analysis was performed on at least three coverslips per embryo and on three embryos per genotype.
RNA extraction and semiquantitative RT-PCR analysis. Sciatic nerves from P5 wild-type and ␣6 mutant mice were frozen in liquid nitrogen. Total RNA was prepared with TRIzol (Roche Diagnostic), and 1 g of RNA was reverse transcribed using 1 mM dNTPs, 2.5 ng/ml random examers, 40 units Rnasin, and SuperScriptII RNase H-Reverse Transcriptase (Invitrogen) as per the manufacturer's instructions.
TaqMan quantitative PCR analysis. Total RNA (1 g) was retrotranscribed, and quantitative PCR was performed according to manufacturer's instructions (TaqMan, PE Applied Biosystems) on an ABI PRISM 7700 sequence detection system (Applied Biosystems). The relative standard curve method was applied using wild-type mice as reference. Normalization was performed using 18S rRNA as a reference gene. Target and reference gene PCR amplification was performed in separate tubes with Assays on Demand (Applied Biosystems): 18S assay: Hs99999901_s1; and ␣7 integrin assay: Mm 00434400_m1.
Western blotting and Rac1 assay. Frozen sciatic nerves dissected from P1, P5, and P28 mice were pulverized, sonicated in lysis buffer (95 mM NaCl, 25 mM Tris-HCl, pH 7.4, 10 mM EDTA, 2% SDS, 1 mM Na 3 VO 4 , 1 mM NaF), and 1:100 Protease Inhibitor Cocktail (Sigma-Aldrich), boiled for 5 min, and centrifuged at 14,000 ϫ rpm in a microcentrifuge for 10 min at 16°C to eliminate insoluble material. The protein concentration in supernatants was determined by BCA protein assay (Thermo Scientific) according to the manufacturer's instructions. DRG explants were rinsed three times in PBS on ice and then suspended in lysis buffer (95 mM NaCl, 25 mM Tris-HCl, pH 7.4, 10 mM EDTA, 2% SDS, 1 mM Na 3 VO 4 , 1 mM NaF, and 1:100 Protease Inhibitor Cocktail; Sigma-Aldrich). After lysis, samples were sonicated in a water sonicator with two cycles of 20 s at maximum power. Equal amounts of homogenates were loaded with standard reducing or nonreducing sample buffer. The samples were denatured, resolved on SDS-polyacrylamide gel, and electroblotted onto PVDF membrane. To verify equal loading of protein, membranes were stained with Ponceau red. Blots were then blocked with 5% dry milk in PBS 1ϫ 0.1% Tween or BSA 5% in PBS 1ϫ 0.1% Tween and incubated with the appropriate antibody. Blots were developed with ECL or ECL plus (GE Healthcare), and band intensity was quantified from the films using ImageJ software. GST pull-down assay for Rac1-GTP was performed as described previously (Nodari et al., 2007) .
Immunoprecipitation. Sciatic nerves from wild-type and ␣6 mutant mice were dissected and sonicated in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 , 1 mM NaF, 1:100 Protease Inhibitor Cocktail [Sigma-Aldrich], 1% NP-40, 0.25% sodium deoxycholate, and 0.1% SDS). After lysis, sciatic nerve extracts were incubated with hamster anti-␤1 integrin antibodies (BD Biosciences) O/N at 4°C on a rotating wheel. The following day, they were incubated with protein G-agarose (Sigma) for 1 h at 4°C. After washing with lysis buffer with or without detergents, beads were suspended in a solution 1:1 lysis buffer: standard sample buffer 2ϫ (with ␤-mercaptoethanol), and followed by Western blotting.
Mass spectrometry analysis. After immunoprecipitation, samples were loaded and resolved by 7.5% SDS-PAGE. The gel was then stained with a silver stain mass spectrometry kit (Pierce, as per the manufacturer's instruction). Subsequently, mass spectrometry analysis was performed on discrete isolated bands from the silver-stained gel. Briefly, bands of interest were excised from gel, subjected to reduction by 10 mM dithiothreitol and alkylation by 55 mM iodoacetamide, and digested overnight with trypsin (Roche). Supernatant mixtures from the digestion (10 l) were acidified with formic acid up to a final concentration of 10% (v/v), desalted and concentrated with Stage Tip C18 (Proxeon Biosystems), and then separated on a NanoLC (EasyLC, Proxeon Biosystems). Peptide separation occurred on a homemade reverse-phase 15 cm spraying fused silica capillary column (75 mm i.d.), packed in house with 3 mm ReproSil-Pur 120C18-AQ (Dr. Maisch). A gradient of eluents A (H 2 O with 2% v/v acetonitrile, 0.5% v/v acetic acid) and B (80% acetonitrile with 0.5% v/v acetic acid) was used to achieve separation, from 7% B (at 0 min 0.2 L/min flow rate) to 40% B (in 60 min, at 0.2 L/min flow rate). The LC system was connected to an LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a nanoelectrospray ion source (Proxeon Biosystems). MS and MS/MS spectra were acquired selecting the 10 most intense ions per survey spectrum acquired in the orbitrap from m/z 300 -1750 with 30,000 resolution. Target ions selected for the MS/MS were fragmented in the ion trap and dynamically excluded for 60 s. For accurate mass measurements, the lock-mass option was used (Olsen et al., 2005) . Peptides were identified from the MS/MS spectra searched against IPI MOUSE database (version 3.65) using Mascot 2.1 search engine. Cysteine carbamidomethylation was used as fixed modification, methionine oxidation, and protein N-terminal acetylation as variable modifications. The initial mass tolerance in MS mode was set to 5 ppm and MS/MS mass tolerance was 0.5 Da; a maximum of two missed cleavages was allowed. Peptides and proteins were accepted with two minimum peptides identified per protein one of which was unique.
Immunohistochemistry. Postnatal day 1, 5, and 28 sciatic nerves were dissected and either fixed in 4% PFA for 30 min at room temperature or nonfixed, cryopreserved with 5% sucrose and 20% sucrose in PBS, embedded in OCT (Miles), and snap frozen in liquid nitrogen. Transverse or longitudinal 10-m-thick sciatic nerve cryosections were permeabilized in cold acetone or methanol for 5 min and then blocked in 20% FCS, 2% BSA, and 0.1% Triton X-100 in PBS for 1 h at room temperature. Primary antibody incubation was done for 2 h at room temperature or O/N at 4°C using antibodies diluted in blocking solution. Sections were then rinsed in PBS and incubated for 1 h with secondary antibodies, stained with DAPI, mounted with Vectashield (Vector Laboratories), and examined on a confocal microscope (PerkinElmer Ultraview).
Morphologic analysis. Mutant and control littermates were killed at the indicated ages, and sciatic nerves were dissected. Semithin section and electron microscopic analyses of sciatic nerves were performed as previously described (Wrabetz et al., 2006) . Morphometric studies were performed on 17 random EM sections form 3 ␣6 integrin mutant sciatic nerves and 3 controls, at a magnification of 1840ϫ. The fraction of hypomyelinated (g-ratio Ͼ 0.8) or hypermyelinated fibers (g-ratio Ͻ 0.6)/total number of fibers was calculated and expressed in percentage. Fibers with g-ratio of 0.69 Ϯ 0.031 were considered normal. The density of unsorted axons, of axons with caliber Ͻ1 m that were myelinated, or of axons with caliber Ͼ1 m that were not myelinated, was calculated as the number of axons per unit area.
TUNEL and proliferation assays. TUNEL was performed as described previously . For proliferation assays, sections were permeabilized with 0.2% Triton X-100, blocked with ADS buffer (10% FCS, 0.1 M lysine, and 0.02% sodium azide in 0.1 M PBS), and incubated with a rabbit anti-PH3 primary antibody (Millipore) as described previously (Berti et al., 2011) . Nuclei were counterstained with DAPI and analyzed with a fluorescence microscope. For both techniques, three different mice per genotype and four different slides per animal were analyzed.
Laminin production and purification. Human embryonic kidney cells (HEK293) stably expressing ␣2, ␤1, and ␥1 laminin chains (laminin 211) or ␣4, ␤1, and ␥1 laminin chains (laminin 411) were produced and cultured as described previously . Recombinant laminins were then purified from media on anti-HA (for the 211 protein) or anti-FLAG (for the 411 protein) matrices (Sigma) packed in a Bio-Rad column.
Laminin-binding assay. Schwann cell-DRG neuron explant cultures were generated as described above and maintained for 5 d in culture in NB medium. Recombinant laminins 211 and 411 were added to the cell culture medium at the final concentration of 20 g/ml. After 3 h at 37°C, explants were rinsed three times in PBS, fixed in PFA 4%, and immunostained as described above. To quantify the relative amount of fluorescence in different samples, we used ImageJ to measure the fluorescent Ϫ/Ϫ mice causes detachment between epidermis and dermis (epidermolysis bullosa) resulting from the absence of ␣6 integrin (red arrows). The white arrow in wild-type indicates the normal ␣6 staining at the dermal-epidermal junction. Arrowheads point to a non-specific staining in the stratum corneus. B, Genomic DNA from tail samples of wild-type (␣6 ϩ/ϩ ), ␣6
F/F , and ␣6 F/Ϫ mice were amplified using primers AH065 (placed upstream of the 5Ј loxP site), AHM4 and AHM3 (flanking the 3Ј loxP site) and generated the expected WT (120 base pairs), unrecombined floxed (154 base pair), and recombined floxed (1000 base pair) bands. PCR on genomic DNA from ␣6 integrin F/F and ␣6 integrin F/F P0Cre sciatic nerves (SN) at P1 and P28 amplified the floxed band and the recombined floxed band only in the presence of P0Cre at P1 and P28. C, D, Western blotting and immunohistochemistry in ␣6 integrin F/F P0Cre ϩ/Ϫ and control sciatic nerves at P1, P5, and P28. ␣6 integrin is absent in mutant nerves at P28 and markedly reduced by P1. One representative experiment of three is shown; different animals or pools of animals were used for each experiment. C, ␤-tubulin was used as a loading control. D, Green represents ␣6 integrin. Red represents neurofilament. Blue represents nuclei (DAPI). Of note, ␣6 integrin in mutant adult nerves is still present in blood vessels (*) and in the perineurium (**), where P0Cre is not expressed. Scale bars: A, 300 m; D, 35 m. signals coming from laminin staining and from DAPI, in 20 fields per genotype, in each of three experiments. The laminin signal was normalized to the signal from DAPI.
Antibodies. The following antibodies were used for Western blotting: goat anti-␣6 integrin (Santa Cruz Biotechnology); rabbit anti-␣7 integrin (a gift from Guido Tarone, Department of Genetics, Biology and Biochemistry, University of Torino, Molecular Biotechnology Center, Torino, Italy); rabbit anti-␣3 integrin (a gift from Michael DiPersio, Center for Cell Biology and Cancer Research, Albany Medical College, Albany, New York); mouse anti-␤1 integrin (BD Biosciences); rabbit anti-p42/44 and phospho-p42/44 (Thr202/Tyr204); rabbit anti-AKT and phospho-AKT (Ser473); rabbit anti-FAK and phospho-FAK (Tyr397); rabbit anti-Src and phospho-Src (Tyr416) (all from Cell Signaling Technology); chicken anti-P0 (Aves Laboratories); and rabbit anti-calnexin, mouse anti-␤-tubulin, and peroxidase-conjugated secondary antibodies (Sigma) were used. For immunohistochemistry: rat anti-␣6 integrin (GoH3, a gift from Arnoud Sonnenberg, Division of Cell Biology, The Netherlands Cancer Institute); rabbit anti-␣7 integrin (from Ulrike Mayer); rat anti-␣2 laminin (Alexis); rabbit anti-␣4 laminin (a gift from Lydia Sorokin, Institute of Physiological Chemistry and Pathobiochemistry, University of Münster, Münster, Germany); rabbit antiNeurofilament H (Millipore Bioscience Research Reagents); and rat anti-Neurofilament (TA-51) and rat anti-MBP (gifts from V. Lee, University of Pennsylvania, Philadelphia). Secondary antibodies: Dy Light 488 or 549-conjugated secondary antibody (Jackson ImmunoResearch Laboratories).
Results

Deletion of ␣6 integrin in Schwann cells does not impair axonal sorting
The most abundant laminin receptor present in Schwann cells during axonal sorting is ␣6␤1 integrin (Previtali et al., 2003b) . We therefore produced and characterized mice with a deletion of ␣6 integrin specifically in Schwann cells (␣6cKO), by crossing ␣6 floxed mice, in which the genomic regions coding for the transmembrane portion are flanked by two loxP sites (A. De Arcangelis et al., manuscript in preparation), with the Schwann cell-specific mP0TOTCre mice (from here on called P0Cre). P0Cre activates Cre expression in the Schwann cell lineage starting at embryonic day 13.5 (E13.5) (Feltri and Wrabetz, unpublished observation) , with ablation of the target protein a few days later . When crossed with ubiquitous CMV-Cre mice, ␣6 F/F mice showed the expected perinatal lethality resulting from skin blistering (Georges-Labouesse et al., 1996) (Fig. 1A) , showing that the floxed ␣6 allele is successfully recombined. In contrast, mice with Schwann cell-specific deletion of ␣6 integrin are viable and fertile. Genomic DNA extracted from mutant sciatic nerves at postnatal day 1 (P1, the earliest time tested) showed the expected 1000 bp recombination band after amplification of the ␣6 integrin locus, and only in the presence of P0Cre. A nonrecombined band was also visible, which could derive from nonrecombined Schwann cells, fibroblasts, or axons (Fig. 1B) . Western blot and immunohistochemistry on developing sciatic nerves showed that the level of ␣6 integrin protein was significantly reduced in mutant Schwann cells at P1 and P5 and completely absent in adult Schwann cells. ␣6 integrin was still present in perineurial and endothelial cells, as expected (Fig. 1D) . To evaluate the effect of ␣6 integrin ablation on axonal sorting and myelination, we analyzed developing sciatic nerves by semithin sections. Mutant nerves showed normal morphology with no evidence of radial sorting delay at P5 or radial sorting arrest at P28 (Fig. 2) . Because the arrest of radial sorting in laminin 211 mutants is most evident in spinal roots (Bradley and Jenkison, 1975) , we also analyzed dorsal and ventral spinal roots, which showed no overt phenotype (Fig. 2) . Other aspects of nerve development, including the number of myelinated fibers, the endoneurial extracellular matrix content, or the perineurium, were preserved. To exclude the possibility that the absence of a pathological phenotype was the result of low levels of residual ␣6 integrin protein in early development, we asked whether DRG explants from ␣6 ubiquitous null embryos (␣6 integrin Ϫ/Ϫ , transmitted via the germline from ␣6 integrin F/F CMVCre) were able to proceed normally through radial sorting and myelinate in vitro. Similar DRG explants prepared from ␤1 integrin F/F P0cre mice showed significant impairment in myelination, likely resulting from the radial sorting arrest, even if ␤1 integrin protein levels were only reduced in 50% of Schwann cells (Nodari et al., 2007) . DRGs were explanted from ␣6 integrin Ϫ/Ϫ mice at E14.5, to bypass the perinatal letalithy, and cultured in myelinating conditions. Despite the complete absence of ␣6 integrin protein in ␣6-null explants (Fig. 3A) , there were no differences in the number of myelin internodes and in the amount of Myelin Protein Zero synthesized in mutant versus wild-type explants (Fig. 3) . These in vitro observations paralleled the in vivo data and showed that the absence of ␣6 integrin does not impede radial sorting and myelination.
Absence of ␣6 integrin from Schwann cells causes minor ensheathment and myelin abnormalities
Analysis of Schwann cell-specific ␣6 null nerves by electron microscopy at P28 revealed minor, but frequent, abnormalities in myelination. Remak bundles often contained abnormal axons that were Ͼ1 m in diameter (Fig. 4C,D, asterisks) , suggesting that they were not properly recognized as destined for myelination, or not sorted out of bundles. Other times, large-caliber axons were sorted by promyelinating Schwann cells, but not myelinated, suggesting a delay in myelination (Fig. 4H, asterisks) . In contrast, some axons Ͻ1 m were abnormally myelinated (Fig. 4E, arrows , F, G, arrowheads), 25% of axons had overly thick (Fig. 4 A, B , white arrowheads) and 5% overly thin (Fig.  4C ,F, double asterisk) myelin for the caliber of the axon, and some fibers showed occasional axonal degeneration (Fig. 4I , J, arrows). These observations could reflect an impairment of ␣6 integrin-null Schwann cells to properly distinguish the threshold of 1 m above which an axon should be myelinated, and later also to regulate the proper amount of myelin for a given axonal caliber. Indeed, these alterations may indicate a deregulated radial sorting, suggesting a role for ␣6 integrin in this process. Overall, these data suggest that ␣6 integrin is important for axonal sorting and the formation of the correct amount of myelin, but its role may be redundant or compensated for by other molecules.
␣3
Integrin is not required for radial sorting and myelination, and its role is not redundant with that of ␣6 integrin ␣3␤1, ␣6␤1, and ␣7␤1 integrins could be redundant because they constitute a group of very similar integrins, which bind preferentially laminins and share structural characteristics, such as the absence of an ␣I-containing domain (for review, see Humphries et al., 2006) . Previous studies showed that ␣7␤1 integrin is not expressed at the time of radial sorting, and its deletion does not impair nerve development (Previtali et al., 2003a) , whereas the role and expression of ␣3␤1 integrin were never carefully assessed. Similarly, ␣1␤1 and ␣2␤1, other integrins that can bind laminin, but also collagen, are barely detectable by premyelinating Schwann cells in vivo (Stewart et al., 1997; Previtali et al., 2003a Previtali et al., , 2003b . Collectively, these studies left the role of only one ␤1 laminin-binding integrin unexplored, ␣3␤1, suggesting that it may be redundant or compensating for ␣6␤1 integrin during Schwann cell development. In addition, ␣3␤1 and ␣6␤1 integrins have redundant functions during formation of the ectodermal ridge and in organogenesis (De Arcangelis et al., 1999) . By Western blot, we showed that ␣3 integrin is present in developing and mature sciatic nerves, but its expression is not increased when Schwann cells lack ␣6␤1 integrin (Fig.  5B) , suggesting lack of compensation, but not excluding redundancy. To investigate a possible role for ␣3 integrin in axonal sorting, we thus produced ␣3 conditional null mice (␣3cKO) by crossing ␣3 integrin floxed (Liu et al., 2009) (Fig. 5A ). Semithin sections of single-and double-mutant sciatic nerves and spinal roots revealed a normal morphology: axons were normally sorted and myelinated (Fig. 5C,D) . Therefore, ␣3␤1 integrin is neither redundant nor compensatory for ␣6␤1 integrin in sciatic nerves.
␣7␤1 integrin compensates for ␣6␤1 integrin in Schwann cells
To ask by unbiased means which subunit partners with ␤1 integrin in the absence of ␣6, we immunoprecipitated ␤1 integrin from wild-type and mutant ␣6 integrin sciatic nerves at P5, a time when radial sorting is still ongoing, and identified its partners by mass spectrometry. The ␤1 integrin subunit could be readily immunoprecipitated from both wild-type and mutant nerves (Fig.  6A) , indicating that the overall amount of ␤1 integrins was not reduced when ␣6 was deleted. Immunoprecipitates from mutant and wild-type nerves were separated on acrylamide gel, silver stained, and four areas containing bands of different intensity excised and analyzed by mass spectrometry. Interestingly, we found that ␤1 integrin coimmunoprecipitated with ␣7 integrin only in ␣6 integrin mutant sciatic nerves, but not in wild-type nerve. The absence of ␣7 integrin wild-type nerves at P5 is in agreement with our previous report that most ␣7 integrin protein in Schwann cells is detected only after myelination, starting around P6, whereas in embryonic and perinatal nerves some ␣7 Figure 3 . Absence of ␣6 integrin does not lead to radial sorting arrest and subsequent myelination defects in Schwann cell-DRG neuron explants. Schwann cell-DRG neuron explants were prepared from wild-type and ␣6 integrin constitutive null embryos, and induced to myelinate for 10 d. A, Wild-type and ␣6-deficient (␣6KO) explants were immunostained for ␣6 integrin (green), neurofilament (red), and nuclei (DAPI, blue); ␣6 protein is expressed in Schwann cells from wild-type explants, but it is absent in Schwann cells from deficient mice. B, Wild-type and ␣6 integrin-null explants were immunostained for MBP (green), neurofilament (red), and nuclei (DAPI, blue). Both wild-type and ␣6 integrin-null Schwann cells can myelinate axons to a similar extent. One representative of three experiments is shown. C, Western blot analysis of total protein extracts from wild-type and ␣6 integrin mutant explants shows a similar amount of P0 protein in null samples and controls. ␤-tubulin was used as a loading control. One representative of three experiments is shown. D, Quantification of myelin internodes in wild-type and ␣6 integrin-null explants in three independent experiments; in each experiment, different pools of DRGs were used. The number of myelin segments is comparable between the two genotypes. Error bars indicate SEM. Statistical significance was measured by Student's t test. integrin is expressed by axons (Previtali et al., 2003a) . To validate that ␣7 integrin was expressed earlier in nerves in the absence of ␣6 integrin, we analyzed developing sciatic nerves from wild-type and ␣6 integrin mutant mice by Western blotting and immunohistochemistry. Strikingly, whereas ␣7 integrin was absent in the endoneurium and in Schwann cells at P1 and P5, mutant nerves showed significant amounts of ␣7 integrin in Schwann cells already at P1 (Fig. 6E) . ␣7 integrin was not only expressed earlier but also significantly upregulated by Western blot analysis in mutant sciatic nerves at P1 and P5, during the time of radial sorting (Fig. 6B) . Interestingly, this upregulation occurred at the post-translational level because ␣7 mRNA levels were comparable in mutant and wild-type nerves (Fig. 6D) , and it was also detectable in ␣6 integrin-null explant cultures (Fig. 6C) , indicating that the stimulus that triggers compensatory ␣7 expression was also present in the in vitro system that we used to assess myelination.
Double ␣6 and ␣7 integrin mutants have radial sorting defects
The upregulation of ␣7 integrin protein in ␣6 mutant sciatic nerves at the time of radial sorting prompted us to ablate both integrins in Schwann cells. We generated double ␣6/␣7 integrindeficient mice by crossing ␣6 integrin conditional-null mice and ␣7 null mice (␣6 F/F ␣7 Ϫ/Ϫ P0Cre). ␣7 integrin deficiency in mice causes a muscular dystrophy, with no peripheral neuropathy at the behavioral or morphological levels Previtali et al., 2003a ). In contrast, morphological analysis of double ␣6-␣7 integrin-deficient nerves revealed an arrest in radial sorting. Double-mutant sciatic nerves showed a delay in axonal sorting already apparent at P5 (Fig. 7D) , and several bundles of naked axons, the hallmark of axonal sorting arrest, at P15 and P28 (arrows in Fig. 7D,H,L) . Electron microscopy confirmed that the unsorted bundles of double ␣6/␣7 mutant nerves contained mixed caliber axons that were naked, without Schwann cell cytoplasm ensheathing them (Fig. 7M,N) , and redundant and detached basal lamina, suggesting either the inability to anchor the basal lamina or the retraction of Schwann cell processes (Fig. 7O, arrows) . These features are very similar to those observed in ␤1 integrin conditional-null nerves . Similar to single ␣6 integrin mutants, hypermyelinated axons and signs of axonal degeneration ( Fig. 7N,P) were also observed.
␣6-and ␣7-deficient Schwann cells spread less when plated on laminin but can activate Rac1
During radial sorting, Schwann cells must expand their surface area many-fold to extend cytoplasmic protrusions that contact and enwrap axons. The molecular mechanisms that mediate these dramatic cytoskeletal rearrangements are not completely understood, but similar to other cell types, the actin cytoskeleton plays an important role, as exemplified by the sorting and myelination defects resulting from deletion of Fak, ILK, Rac1, Cdc42, and N-Wasp in Schwann cells Nodari et al., 2007; Jin et al., 2011; Novak et al., 2011) . We previously showed that ␤1 integrins are required for Schwann cell spreading, formation of lamellipodia, and activation of Rac1. To ask whether ␣6 or ␣7 integrins are also required in Schwann cells to expand their cytoplasm in response to laminin engagement, we analyzed the ability of ␣6 or ␣7 integrin-null Schwann cells to spread and activate Rac1. Schwann cells were isolated from DRG neurons explants from ␣6 or ␣7 null embryos and plated on laminin 111-coated coverslips to induce cell spreading (Nodari et al., 2007) . We found that both ␣6 and ␣7 null Schwann cells spread significantly less than wild-type cells when plated on laminin (Fig. 8A,B) . However, pull-down of Rac1-GTP from P5 sciatic nerves did not reveal significant differences between the levels of active Rac1 in mutant nerves, except for a trend toward less activation in the absence of ␣6 and more activation in the absence of ␣7 integrin (Fig. 8C) . Thus, either ␣6 or ␣7 integrins is required for Schwann cells to spread in response to laminin, which may explain the defect in radial sorting.
All other major signaling pathways examined are activated normally in double-mutant nerves Several signaling pathways have been implicated in radial sorting. ␤1 integrin mutant nerves present early impairment in multiple pathways involved in Schwann cell survival, proliferation, and Figure 5 . ␣3␤1 integrin is dispensable in peripheral nerve development and is neither redundant nor compensatory for ␣6 integrin. A, Western blot analysis of total protein extracts from wild-type and ␣3 integrin F/F P0Cre sciatic nerves shows that the ␣3 protein (arrow) is absent from mutant sciatic nerves at P28, but a residual level of the protein is still present in P5 mutant nerves. *An aspecific band was detected in all samples. Calnexin was used as a loading control. Sciatic nerve pools from different animals were used for each sample. B, Western blot analysis of total protein extracts from wild-type and ␣6 integrin F/F P0Cre sciatic nerves shows that ␣3 integrin expression is comparable between wild-type and mutant sciatic nerves; thus, the absence of ␣6 integrin does not cause a compensatory upregulation of ␣3 integrin. Calnexin was used as a loading control. Sciatic nerve pools from different animals were used for each sample. C, D, Semithin sections of sciatic nerves (SN), dorsal (DR), and ventral roots (VR) from wild-type, ␣3, and double ␣3/␣6 integrin conditional null mice (␣3 integrin F/F , ␣6 integrin F/F P0Cre) at P28. Single ␣3 and double ␣3/␣6 integrin mutant sciatic nerve and root morphology is comparable with control nerves. Scale bar, 10 m.
cytoskeletal rearrangements, such as PI-3K/AKT, RhoA and RhoE, and Src (Nodari et al., 2007; Berti et al., 2011) . Activation of AKT is defective at the time of sorting in both laminin and ␤1 integrin mutants, but this is probably the consequence, rather than the cause, of defective axonal contact (Yu et al., 2005; Berti et al., 2011) . Deletion of the integrin adaptors Fak and ILK causes a severe axonal sorting phenotype reminiscent of the one observed in laminin and ␤1 integrin-null mice . Finally, Src is important downstream of neuregulin and Shp2 phosphatase (Grossmann et al., 2009) , and its phosphorylation is decreased in ␤1 integrin-deficient Schwann cells (Berti et al., 2011) . To ask whether ␣6␤1, ␣7␤1, or both are required for the activation of these signaling cascades, we measured the levels of phosphorylation of these proteins in sciatic nerves from mutant mice at P5, during axonal sorting. Surprisingly, we did not detect significant differences in the activation of any of these pathways in single-or double-mutants (Fig. 8D-G) , suggesting either that the signal coming from normally myelinating Schwann cells in the nerve was masking a small difference or that other ␣ integrins that dimerize with ␤1 are responsible for activating these signaling pathways.
Schwann cells proliferate and survive normally in the absence of ␣6 and ␣7 integrins Mice mutants for laminins, Cdc42, Fak, or ␤1 integrin present a moderate decrease in Schwann cell proliferation and/or an increase in apoptosis rate Yu et al., 2005; Berti et al., 2011) . For these mutants, the reduced proliferation and survival could be a consequence of the failure to contact axons and thus to access proliferative cues coming from neuregulins on axons (Berti et al., 2011) . In turn, reduced Schwann cell proliferation with concomitantly increased apoptosis could combine to reduce the number of Schwann cells available to engage in a 1:1 relationship with axons, aggravating the failure in axonal sorting. To verify whether Schwann cells showed reduced proliferation and survival in double ␣6/␣7 integrin mutant nerves, we measured the rate of apoptotic and proliferating cells by TUNEL and anti-phospho-histone3 staining. As shown in Figure 8H , I, no significant differences in Schwann cell proliferation or apoptosis could be detected among the four genotypes analyzed, apart from an increase in proliferation of ␣7 integrin-null Schwann cells. These data indicate that the sorting defects observed in double ␣6/␣7 integrin mutant nerves are not caused by an insufficient number of Schwann cells to match axons.
Absence of ␣6 or ␣7 integrin in Schwann cells decreases the binding of specific laminin isoforms
Laminins 211 and 411 are both required for axonal sorting, and genetic evidence suggests that they may have additive functions in Schwann cells because compound heterozygous nulls for laminins 211 and 411 (Lam ␣4 Ϫ/ϩ Dy 2J/ϩ mice) are normal , whereas ablation of either laminin ␣2 or ␣4 produces partial defects in radial sorting, and ablation of both laminins completely prevents the process Yu et al., 2005) . It has been proposed that this relates to the function of specific laminin-integrin pairs in Schwann cells because ␣6␤1 integrin is required for adhesion to laminin 411 (Yang et al., 2005), whereas ␣7␤1 integrin is a specific receptor for laminin 211 (Chernousov et al., 2007) . However, the degree of specificity Figure 6 . ␣7 integrin protein is expressed earlier and upregulated in sciatic nerves from ␣6 conditional null mice during development. A, Top, Immunoprecipitation of ␤1 integrin from wild-type and ␣6 conditional-null sciatic nerves at P5; blotting with ␤1 integrin antibody shows similar amounts of ␤1 integrin in wild-type and mutant sciatic nerves (SN) and significant enrichment compared with inputs (first two lanes). Omission of the primary antibody on wild-type samples was used as a negative control. Bottom, Mass spectrometry analysis was performed on four bands identified on the silver-stained immunoprecipitates (arrows). ␣7 was identified by mass spectrometry only in ␣6 mutant samples. B, C, Western blot analysis of total protein lysates from wild-type and mutant sciatic nerves (B) or DRG explants (C) validates a strong upregulation of ␣7 integrin when ␣6 integrin is absent in vivo and in vitro. ␣6 cKO, Schwann cell conditional knockout in B; ␣6 KO, general knockout in C. B, ␣7 integrindeficient sciatic nerve lysate (␣7 KO) was used as negative control for ␣7 integrin. One representative experiment of three is shown; nerves (or DRGs) were pooled from different animals in each experiment. D, RNA extraction was performed on P5 wild-type and mutant sciatic nerves; and ␣7 integrin mRNA levels were assessed by real-time PCR. Error bars indicate SEM. The experiment was done in triplicate; nerves were pooled from different animals in each experiment. E, Frozen sections of wild-type and ␣6 mutant sciatic nerves at P1, P5, and P28 immunostained for ␣7 integrin (red) and neurofilament (green). ␣7 integrin is expressed in Schwann cells only after myelination in WT nerves, but beginning at P1 in ␣6 integrin-null nerves. Magnified insets, Endoneurial ␣7 integrin staining comes from Schwann cells. Scale bar, 35 m.
between individual laminins and integrins is a matter of debate. When the affinity of laminins for soluble integrins is measured in a recombinant in vitro system, all integrins show promiscuous binding, and laminin 411 binds poorly to both receptors (Nishiuchi et al., 2006) . In addition, laminin 411 was not able to promote myelination in DRG explants, which required instead high concentrations of laminin 211, with an intact polymerization and integrin binding domain (McKee et al., 2012) . To address whether laminins 211 and 411 have preferential affinity for ␣6␤1 or ␣7␤1 integrins in Schwann cells, we took advantage of mutant DRG explant cultures that contain Schwann cells in contact with axons, a prerequisite for basal lamina synthesis and differentiation (for review, see Bunge et al., 1986) , and a tridimensional orientation closer to the in vivo situation. Before the addition of ascorbic acid to induce myelination, these cells have an exposed basal surface that can be used to probe the binding of recombinant laminins. DRGs were explanted from embryos deficient in ␣6 or ␣7 integrins and used within 5 d, a time in which only low levels of endogenous laminins were detected (Fig. 9) . Next, we added recombinant laminin 211 or 411, and after several washes we revealed the amount and organization of laminins bound to the Schwann cell surface, using antibodies specific to the ␣2 and ␣4 laminin chains. After addition of recombinant laminins, a network of polymerized laminin was evident on the surface of Schwann cells in wild-type explants, similar to what was described on cultured myotube cells (Colognato et al., 1999; Li et al., 2005) . Interestingly, ␣7 integrin-deficient Schwann cells assembled a less prominent 211 laminin network, and ␣6 integrindeficient Schwann cells assembled a less evident 411 network. Of note, the organization of 411 laminin on the surface of ␣6 null Schwann cells also seemed more disordered compared with controls. These data support the idea that specific laminins may preferentially bind specific integrins on Schwann cells.
Discussion
In this paper, we identify the integrin receptors involved in radial sorting. We had previously shown that integrins of the ␤1 class were essential for radial sorting of axons; however, which of the 11 possible ␣ integrins dimerizes with ␤1 to form the functional receptor was unknown. Here we show that ␣6␤1 integrin is the receptor required, but its function in vivo can be compensated by ␣7␤1 integrin. ␣6␤1 integrin is probably the receptor that mediates radial sorting in physiological conditions because it is highly expressed at the appropriate time, in contrast to ␣7␤1 integrin, which is normally not present in early Schwann cell development (Previtali et al., 2003a) . In addition, only deletion of ␣6 integrin causes abnormalities that, albeit minor, can be ascribed to the inability to correctly assign axons to the myelinated or nonmyelinated phenotype. These abnormalities include the presence of axons Ͼ1 m in Remak bundles, or conversely the inappropriate deposition of thick myelin sheaths around axons Ͻ1 m. In oligodendrocytes, ␤1 integrins are thought to contribute to the recognition of the axonal threshold for myelination because mice expressing dominant-negative ␤1 integrins require slightly larger axons than normal to become myelinated (Câmara et al., 2009) . Similarly, it appears that, in the absence of ␣6␤1 integrin, Schwann cells are more prone to misjudge the size of axons near the threshold for myelination. Thus, ␣6␤1 integrins may act as molecular caliber in myelinating glia that properly "read" the size of axons, and in Schwann cells sort the ones to be myelinated. The molecular mechanisms are unknown but may be related to the ability of integrins to probe mechanical forces and constraints related to axonal size (for review, see Schiller and Fassler, 2013) , or may be mediated by the amounts of Neuregulin 1 type III on axons, which is the quantitative signal that triggers myelin fate in Schwann cells (Michailov et al., 2004; Taveggia et al., 2005) .
␣6 and ␣7 integrins have distinct functions in Schwann cells
Ablation of either ␣6␤1 or ␣7␤1 integrin is not sufficient to show a radial sorting phenotype in vivo because ␣7␤1 can compensate for the absence of ␣6␤1 integrin. However, the deletion of either ␣6␤1 or ␣7␤1 integrin causes detectable abnormalities in Schwann cells in vitro, namely, decreased binding of laminin 211 or 411, and reduced ability to spread. These abnormalities probably explain the partial radial sorting arrest that is observed when both ␣ integrins are deleted in vivo. One outstanding question is Figure 8 . Double ␣6/␣7 mutant sciatic nerves do not show significant alterations in signaling, proliferation, and survival at the time of axonal sorting. A, B, Schwann cells from ␣6 and ␣7 integrin-null mice were isolated from DRG explant cultures, plated on laminin 111, and stained for S100. Schwann cells area was measured by ImageJ software: both ␣6 and ␣7 null Schwann cells spread significantly less than wild-type cells on laminin. **p Ͻ 0.01 (Student's t test). C, Pull-down assay of Pak-binding-domain GST for Rac1 was performed on pools of 6 -10 P5 sciatic nerves from WT and mutant mice. Active proteins were normalized to total Rac1, and equal loading was verified by ␤-tubulin. One of two experiments is shown. D-G, Western blot analysis on total protein extracts from three pools of 10 -16 P5 sciatic nerves from mice of the indicated genotype reveals no significant alterations in the phosphorylation levels of ERK (D), AKT (Ser473) (E), Src (Tyr416) (F ), and Fak (Tyr397) (G) in double-mutants compared with controls. Calnexin was used as a loading control. One representative experiment of three is shown. Error bars indicate SEM. The statistical significance of the various replicates was measured by Student's t test. H, I, Frozen sections of mutant sciatic nerves at P5, P15, and P28 were analyzed by TUNEL or immunostained for phosphorylated histone3 (P-H3). The percentage of P-H3 (H ) or TUNEL (G) positive nuclei was calculated for each genotype. No differences in the level of Schwann cell apoptosis or proliferation were observed, except for an increase in Schwann cell proliferation at P15 in ␣7 null and double ␣6/␣7 null nerves. Experiments were performed in triplicate; different pools of animals for each experiment were used. Error bars indicate SEM. *p Ͻ 0.05 (Student's t test).
why mammals have such an extensive repertoire of apparently partially redundant laminin isoforms and integrin receptors. One possibility is that a high density of laminin and integrin molecules is required for basal lamina assembly and function. This hypothesis is consistent with data showing that PNS myelination in vivo is particularly sensitive to laminin dosage (McKee et al., 2012) and in vitro high concentrations of laminins are necessary to polymerize and bind integrins required for myelination, whereas lower concentrations induce Schwann cell proliferation (Eldridge et al., 1989; McKee et al., 2012) . Still, the fact that different laminins and integrin receptors are used suggests that some specificity exists in their function during radial sorting. Indeed, even if ␣7 integrin compensation is able to prevent an overt phenotype when ␣6 integrin is deleted, we showed that the absence of ␣6␤1 reduces binding of laminin 411, whereas the absence of ␣7␤1 reduces binding of laminin 211 on Schwann cells. Of note, the reduced binding was evident despite the presence of dystroglycan, which binds laminin 211 with high affinity. This suggests a certain degree of ligand-receptor specificity in Schwann cells and is in agreement with previous data proposing that ␣6␤1 and . Overall, these data suggest that, in physiological conditions, laminin 211/integrin ␣7␤1 and laminin411/integrin ␣6␤1 are preferred ligand-receptor pairs with specific functions in Schwann cells, but in pathological conditions one pair is able to substitute for the other to sort and myelinate axons.
Radial sorting can be impaired, even if enough Schwann cells are available to match the number of axons
Axonal sorting requires that Schwann cells can interact with axons and are in sufficient number to ensheath all axons. Interestingly, whereas ␣6␤1 integrin is required for proper survival of oligodendrocyte precursors, ␣6␤1 is dispensable for survival in Schwann cells. The survival of myelinating glia is regulated by axonal contact, which ensures the correct matching of the necessary number of glial cells in the CNS and peripheral nervous system (Barres et al., 1992; Grinspan et al., 1996; Trapp et al., 1997) . Thus, decreased Schwann cell number is a possible reason for defect in axonal sorting, which is evident in mutants characterized by massive Schwann cell death, such as in transgenic mice expressing diphtheria toxin in Schwann cells, or deficient in Erb3 receptors (Messing et al., 1992; Riethmacher et al., 1997) . In less extreme cases, when molecules that regulate both Schwann cell number and the cytoskeletal rearrangements required to interact and enwrap axons are deleted, both of these factors contribute to defects in radial sorting. This is the case for laminins, Cdc42, Fak, and ␤1 integrin mutants in C57BL/6 background Yu et al., 2005; Berti et al., 2011) that show a moderate decrease in Schwann cell proliferation and a moderate increase in apoptosis. Even if subtle, a reduced proliferation with concomitantly increased apoptosis could contribute to diminish the number of cells available for axon ensheathment.
Many cases have also been described where radial sorting is partially or completely arrested, even in the presence of normal or excess Schwann cells, which are, however, incapable of interacting with axons. This is the case of ␤1 integrin mutants in mixed C57BL/6//129 background, Rac1, ILK, or N-WASP mutants Nodari et al., 2007; Jin et al., 2011; Novak et al., 2011; Guo et al., 2012) , and the ␣6/␣7 integrin-null mice described here. Similarly, in zebrafish, the role of ErbB2 in regulating process extension during radial sorting can be separated by its proliferative effect (Raphael et al., 2011) . Thus, control of Schwann cell cytoskeleton and number are independently required for radial sorting of axons.
Deletion of ␣6 and ␣7 integrins causes only a subset of the abnormalities caused by deletion of all ␤1 integrins Even if ␣6/␣7 integrin double-mutants manifest a clear radial sorting phenotype, it is less severe than the phenotype obtained with deletion of all ␤1 integrins Berti et al., 2011) , and Schwann cells in the double-mutants show significantly less impairment of signaling. Several possibilities may explain this. The first is technical because a small residue of ␣6 is still present during early phases of postnatal development. This is surprising given the early activation of the P0Cre gene (E13.5) and is specific to ␣ integrins, as it was never seen with any of the many proteins previously conditionally deleted in Schwann cells using P0Cre. The reason for this is unknown but may be related to a longer half-life of ␣ integrins in Schwann cells. We do not believe that this explains the mild phenotype because complete absence of ␣6 integrin in vitro, a model usually more permissive to reveal a phenotype, did not impair radial sorting and myelination. Interestingly, the absence of ␣6 integrin in vitro and the significant down-regulation of ␣6 integrin in early development in vivo were both sufficient to induce earlier expression of ␣7 integrin. This indirectly shows that the decrease of ␣6 integrin was "sensed" by developing Schwann cells, which compensated by increasing expression of ␣7 integrin. Interestingly, ␣7 integrin can also compensate for members of the dystroglycan-dystrophin complex in human or mouse muscles (Hodges et al., 1997; Côté et al., 2002; Allikian et al., 2004) , but in these cases ␣7 integrin is upregulated at the mRNA level. In contrast, we observe a post-translational increase in ␣7 integrin protein expression, which is, to our knowledge, unique among integrins.
We postulate instead that the function of ␣6 and ␣7 integrin might be compensated by non-laminin-binding ␤1 integrins. The ␤1 integrin subunit can interact with other 9 ␣ chains (␣1, ␣2, ␣4, ␣5, ␣8, ␣9, ␣10, ␣11, and ␣V), many of which are expressed by Schwann cells (Lefcort et al., 1992; Milner et al., 1997; Stewart et al., 1997; Previtali et al., 2003b) and bind collagen, fibronectin, vitronectin, or cellular ligands. Conditional deletion of the fibronectin receptor ␣5␤1 does not cause radial sorting abnormalities (M.P. and M.L.F., unpublished observations). However, it is possible that a collagen-binding integrin (␣1, ␣2, ␣10, or ␣11) is compensating or redundant because deficiency of collagen XV aggravates the radial sorting phenotype due to laminin 411 deficiency (Rasi et al., 2010) . Alternatively, we recently reported that, in early development, ␤1 integrins are located also near axons by immune-electron microscopy (Berti et al., 2011) ; so we could speculate that a subset of ␣␤1 integrins act independently of laminins and may directly interact with axons at the adaxonal surface. Despite the milder phenotype, our data conclusively show that ␣6 and ␣7 are the laminin integrins required for radial sorting of axons.
